1. Introduction {#sec0005}
===============

Working memory (WM), the ability to maintain and manipulate information held in mind, plays a crucial role in the development of many higher-order cognitive abilities. Although the core network of brain areas recruited for WM processes are well established in adults, less is known about when and how these networks are activated to support WM in children. One popular paradigm to delineate the different stages of WM is the delayed-match-to-sample task. In this task, a brief stimulus is presented (encoding), followed by a delay (retention), and then a test stimulus is presented requiring participants to respond if the test stimulus matches the sample (recognition). In adults, a large body of functional MRI (fMRI) studies has established a core network of regions underlying WM, including fronto-parietal regions such as the dorsolateral prefrontal cortex (dlPFC) and the superior and inferior parietal cortex, that mediate maintenance processes ([@bib0075]; [@bib0185]; [@bib0095]; [@bib0145]; [@bib0245]).

Compared to electrophysiological measures, fMRI does not provide the temporal resolution required to delineate the precise timing of neural processes that support maintenance processes. Early electrophysiological studies in primates revealed sustained increases in a subset of dlPFC neurons during the retention period, which was interpreted to reflect storage of information in WM ([@bib0110]; [@bib0120]). However, recent studies suggest that persistent dlPFC activity is not related to the direct storage of information, but rather reflects directed attention towards relevant representations maintained in sensory cortices (for a review, see [@bib0295]). Persistent fMRI BOLD activity during the retention interval has also been found in parietal areas ([@bib0080]; [@bib0270]), with other regions recruited with respect to stimulus type (i.e. spatial versus object) and task design.

In children, the neural basis of WM has yielded less consistent results, with some studies reporting reduced prefrontal activation compared to adults ([@bib0030]; [@bib0140]; [@bib0220]; [@bib0290]; [@bib0310]), while other studies report no frontal recruitment in children ([@bib0050]). In one fMRI study, age-related differences were found to be most pronounced during long retention periods, with children recruiting a more distributed network of regions during longer delays, suggesting a more immature neural system when task demands are increased ([@bib0140]). Given that efficient WM processes rely on intact fronto-parietal circuits ([@bib0070]; [@bib0200]), it is likely that functional connectivity within WM networks increases with age to support maturing performance. One way to delineate the functional networks that support working memory is to investigate the network of regions recruited during successful compared to unsuccessful outcomes. One such study, [@bib0245] used fMRI to analyze activity during different stages of a WM task, including the encoding, retention and recognition periods. Importantly, they found BOLD activity in a network of fronto-parietal regions (e.g. left dlPFC, intraparietal sulcus, and right frontal eye field) during the delay period, rather than encoding, predicted successful performance on a trial-by-trial basis.

More recently neurophysiological studies using magnetoencephalography (MEG) have provided frequency-specific information on the neural underpinnings of WM ([@bib0175]; [@bib0235]; [@bib0265]). Alpha oscillations (8--14 Hz) have been shown to be modulated by task performance, with one study revealing that enhanced phase synchrony in the alpha band was associated with successfully remembered items in a Sternberg-like WM paradigm ([@bib0100]). Conversely, items that were cued 'not to be remembered' were associated with decreased alpha phase synchrony ([@bib0100]). Similarly, increased alpha phase-locking was shown to be associated with better performance (i.e. correct categorization) on a perceptual discrimination task ([@bib0150]). These and related MEG findings emphasize the important role of alpha oscillations in enabling effective stimulus encoding and maintenance of information in WM ([@bib0175]; [@bib0180]; [@bib0280]).

[@bib0235] also found enhanced inter-regional synchrony in MEG with increasing memory-load among fronto-parietal regions in alpha, beta and gamma frequency bands; they found alpha synchrony to be most strongly associated with increasing memory load, showing alpha rhythms to be closely linked with task demands ([@bib0235]). This is consistent with prior studies that link long-range alpha synchrony with WM and attentional processes ([@bib0005]; [@bib0165]; [@bib0175]; [@bib0285]; [@bib0300]). These studies, however, were conducted in adults.

Thus, in the present study, MEG was used to examine the spatio-temporal dynamics underlying visual WM in 6-year-old children. MEG is uniquely suited to capture the rhythmical oscillatory activity of neuronal populations, and allow for the investigation of large-scale functional networks involved in WM maintenance. We investigated whole-brain connectivity time-courses during the retention interval associated with both correct and incorrect responses to determine the frequency band of interest for our analysis. We expected that the frequency band of interest important for successful WM outcomes would show significant differences between correct and incorrect trials during the retention period. Specifically, we hypothesized that alpha-band connectivity would be related to WM performance, showing increased connectivity for successful compared to unsuccessful responses. Additionally, we expected sustained alpha synchrony throughout the retention interval to support stable maintenance processes ([@bib0235]; [@bib0245]). In our network analysis (performed on correct trials only, i.e., correct hits), we expected enhanced alpha synchronization compared to baseline among a network of frontal, parietal, and temporal regions during WM maintenance. Given that prefrontal regions and their connections are undergoing continued maturation at this age, we expected limited dlPFC involvement, due to its protracted maturation within prefrontal regions, and possibly increased recruitment from other prefrontal regions in support of WM.

2. Materials and methods {#sec0010}
========================

2.1. Participants {#sec0015}
-----------------

Twenty-seven healthy, typically-developing children were recruited to the study at 6 years of age. Children were recruited via hospital flyers, public schools, and word of mouth in the Toronto area. Three children were excluded due to excessive movement in the MRI and/or MEG scanner, and four children were excluded due to poor task performance (\<60% accuracy). The final sample consisted of 20 children (mean age: 6.65 ± 0.34 years; 10 females). Exclusion criteria included a history of neurological disorder, uncorrected visual deficits, colour blindness, and a diagnosis of significant learning or neurodevelopmental disorders such as autism spectrum disorder. Additionally, all children were screened and approved for MEG and MRI compatibility (i.e. without any metal implants/devices). Informed consent and verbal assent were obtained from the parents and children, respectively. The study protocol was approved by the Hospital for Sick Children (SickKids) research ethics board and is in accordance with the declaration of Helsinki. All testing was conducted at SickKids.

To ensure that all children included in the study analyses were without any significant cognitive delay, all children were also administered the Wechsler Abbreviated Scale of Intelligence, Second Edition (WASI-II) ([@bib0340]) to provide an estimate of full-scale IQ. Children also completed two sub-tests of the Working Memory Test Battery for Children (WMTB-C) ([@bib0130]) to assess working memory ability.

2.2. Stimuli {#sec0020}
------------

The WM paradigm was adapted from a delayed match-to-sample task employed by [@bib0235]. Children were first presented with two coloured squares (sample stimulus), followed by a retention period (fixation cross) during which they were instructed to remember the colour of the squares. Following the retention period (1000 ms), two coloured squares were then presented (test stimulus) and participants were requested to indicate, via button-pad, whether the sample and test stimuli were the same or different ([Fig. 1](#fig0005){ref-type="fig"}). The central fixation cross presented during the sample stimulus, was replaced by a question mark during the test stimulus, prompting children to respond. Children responded by pressing either a left or right button on a MEG-compatible button-pad with their thumbs, corresponding to either same or different responses, which was randomized across subjects. The test stimulus was presented until a response was given, or up to 2000 ms. A fixation cross appeared after the presentation of the test stimulus, and remained for the duration of the inter-stimulus interval (ISI; between the presentation of the test stimulus and the next trial's sample stimulus) and was jittered between 1100 and 1400 ms. Half of the test stimuli comprised "different" trials, in which the colour of one square changed between the sample and test stimulus ([Fig. 1](#fig0005){ref-type="fig"} -- lower panel), and the other half "same" trials ([Fig. 1](#fig0005){ref-type="fig"} -- upper panel). The task was run for two periods of 7 min each, with a short break in between. All children received training prior to MEG testing to ensure full understanding of the task and instructions. The task also included a higher memory-load condition with four coloured squares, interleaved with the 2-square condition; however, due to poor task performance, this condition was not included in the current analyses. The task was designed to aim for 100 correct trials in each load condition (2- or 4-square condition), or discontinue when the time limit was reached.Fig. 1Stimuli for the delayed match-to-sample task. Children were presented with the sample stimulus for 250 ms, followed by a 1000 ms retention interval during which they are instructed to remember the initial stimulus. A second, test stimulus was then presented for up to 2000 ms, or until the child responded. The inter-stimulus interval (ISI) period varied between 1100 and 1400 ms. The upper panel shows an example of the \"same\" condition, as the colour of the squares in the sample and test stimulus match. The lower panel shows the \"different\" condition, as the colour of one square has changed (from yellow to green). Task adapted from [@bib0235]).Fig. 1

2.3. MEG data acquisition {#sec0025}
-------------------------

MEG data were recorded using a 151-channel CTF MEG system (MISL, Canada) housed in a magnetically shielded room (MSR) at SickKids. Children lay supine with their head inside the MEG helmet. Stimulus timing was controlled using *Presentation* software (Neurobehavioral Systems Inc., Albany, CA) running on a dedicated stimulus computer. Stimuli were projected into the MSR via a system of mirrors, a back projection screen, and a digital projector located outside of the MSR. The stimuli were projected on the screen at a viewing distance of 79 cm and visual angle of 6.9°. Three localization coils were placed on the right and left pre-auricular points and the nasion. The localization coils were energised enabling continuous tracking of head position within the helmet. Data were recorded continuously at 600 Hz, and a third-order spatial gradient was applied to attenuate distant environmental noise and optimize brain sources.

2.4. MRI data acquisition {#sec0030}
-------------------------

Anatomical 3 T MRI images were acquired with a 12-channel head coil (MAGNETOM Tim Trio, Siemens AG, Erlangen, Germany) at SickKids. Reference fiducial coil placements were placed in the same location as the MEG localization coils for co-registration to the MEG data. A T1-weighted MRI image of the brain was obtained using a 3D SAG MRPAGE sequence: GRAPPA = 2, FA = 9°, TR/TE = 2300/2.96 ms, FOV = 28.8 x 19.2 cm, 240 × 256 matrix, 192 slices, slice thickness = 1.0 mm, scan time = 5:03 min.

2.5. MEG preprocessing and source reconstruction {#sec0035}
------------------------------------------------

MEG analyses were performed on the 1 s retention period (between the sample and test stimulus) using MATLAB R2015a software (Mathworks Inc., Natick, MA) and the FieldTrip toolbox (git commit 4c12371; [@bib0225]). Retention periods associated with subsequently correctly and incorrectly recognized trials were separated in the analysis. For incorrect trials, only false alarm trials in which a response was provided (i.e. button press) were included in the analyses (miss trials were excluded). Epochs for each trial were created from -1 s pre-stimulus to 2 s post-stimulus onset, to prevent boundary effects at the beginning and end of these data segments. Epochs where head motion exceeded 10 mm from the initial head position were excluded from analysis, consistent with motion thresholds for MEG studies in children ([@bib0090]; [@bib0240]; [@bib0305]). MEG data were bandpass filtered from 1 to 150 Hz with a 4th order two-pass Butterworth filter and a 60 Hz notch. Independent component analysis (ICA) was then performed for each participant and ocular and cardiac components were identified by visual inspection and manually excluded from the MEG recording ([@bib0225]). Additionally, epochs containing muscle artefacts were excluded from analysis, as were epochs with MEG sensor signals exceeding a threshold of 2500 fT.

MEG data were co-registered to each individual's MRI image using the reference fiducial coil placements, and single shell head models were constructed based on fiducial positions ([@bib0210]; [@bib0215]). Ninety cortical and sub-cortical seed locations from the Automated Anatomical Labelling (AAL) atlas ([@bib0315]) were unwarped from standard Montreal Neurological Institute (MNI) space into each individual's brain space using SPM8′s normalization functions. The AAL atlas is a commonly used anatomical atlas in functional neuroimaging studies, and provides widespread coverage of cortical and sub-cortical brain areas. The linearly constrained minimum variance (LCMV; [@bib0325]) beamformer was used to estimate broadband source activity from a single point at the centroid of each of the 90 AAL parcels for each subject. Beamforming is a spatial filtering approach that estimates activity at each source in the brain while maximally suppressing background noise ([@bib0325]). In this manner, source activity from regions of interest can be isolated from other influences, including artefacts generated by ocular movements or cardiac and muscle activity. The LCMV beamformer was run with 5% regularization and covariance matrices calculated on the selected epochs between 1--150 Hz. The source time series were normalized by the estimate of noise at each source location to obtain the Neural Activity Index ([@bib0325]) time series.

2.6. Functional connectivity analysis {#sec0040}
-------------------------------------

After source reconstruction, the time series from each seed region were filtered into theta (4--7 Hz), alpha (8--14 Hz), beta (15--30 Hz), and low gamma (30--55 Hz) frequency bands. The Hilbert transform was applied to the filtered time series to extract the instantaneous phase values for each time sample for each frequency. Inter-regional phase synchronization was calculated over the retention period and averaged over trials using the weighted phase lag index (wPLI) ([@bib0330]). wPLI is a measure of functional connectivity, which is believed to reflect the efficiency of communication between brain regions ([@bib0105]). wPLI provides values ranging from 0 (no phase locking, random phase difference) to 1 (maximum phase locking, constant phase difference). Specifically, wPLI measures the non-zero phase leads and lags between sources by weighting the magnitude of the imaging component cross-spectrum ([@bib0330]). wPLI gives optimal weighting to 90-degree phase differences, and is thus able to suppress signals associated with artificial synchrony. In this manner, wPLI is able to delineate phase activity associated with true brain interactions from that of artefacts or external noise. wPLI assumes that true phase synchrony between two sources will possess a consistent, non-zero phase difference, making it less susceptible to artefactual coherence and inflated / spurious correlations due to volume conduction or beamformer leakage. Phase synchrony was calculated at each frequency band, across all source pairs for the entire 1 s retention period, and then averaged across trials. This resulted in a 90 × 90 connectivity matrix of wPLI values for all pairwise combinations of reconstructed sources in the brain at each sample, for each child.

To determine whether phase synchrony was sustained throughout the retention period, and to identify frequency bands important in maintaining these networks, the time course for mean whole-brain connectivity was computed for each frequency band. wPLI values were averaged over all node pairs (90 × 90 nodes) to obtain a single timecourse of mean whole-brain connectivity. The values were z-scored to the baseline (subtracting the mean between -500 to 0 ms from the entire timeseries then dividing by baseline variance), then averaged across subjects, resulting in a single timeseries for each condition. The time course in connectivity was compared between correct and incorrect trials to examine how whole-brain networks engaged in the maintenance of visual stimuli were differentially activated. To identify significant differences between the connectivity time series while controlling the false positive rate due to multiple comparisons on the 600 time points, we employed a permutation test. On each of the 1000 permutations, the condition labels of each timeseries were randomly permuted, the t-statistic computed between the randomly labelled timeseries, then thresholded at t \>1.7. The length of the largest contiguous supra-threshold window was recorded into the null distribution. Windows of contiguously supra-threshold differences in the unpermuted timeseries were therefore statistically significant and corrected for multiple-comparisons if supra-threshold windows were larger than 95% of supra-threshold windows from the null distribution.

As we were interested in the associations between brain and behaviour, we averaged alpha connectivity (wPLI) values over the retention interval of correct hits (normalized to baseline) and tested associations with WM behavioural accuracy (%). Pearson's correlations between mean whole brain alpha connectivity (normalized to baseline) over the retention interval associated with correct responses, and behavioural accuracy (%) were computed. Two participants were excluded from this portion of the analysis due to a low number of error trials (i.e. they had high accuracy).

2.7. Maintenance-related network analysis {#sec0045}
-----------------------------------------

Group averaged adjacency matrices for correct trials (i.e., correct hits) were then compiled and submitted to a Network-Based Statistic (NBS) analysis ([@bib0350]) in order to identify regions recruited during successful WM outcomes. Statistical contrasts between conditions of interest (retention period vs. baseline) were computed. NBS identifies network components (i.e. contiguous set of inter-regional connections) that significantly differ between conditions. In this study, the retention period (active window) and the pre-stimulus ISI period (baseline) were compared to identify networks involved in WM maintenance. NBS controls for the Family-Wise Error Rate (FWER) when performing mass univariate testing on a graph. NBS first applies a univariate threshold to every element in the connectivity matrix, resulting in each edge having a single test statistic value (t-value). Then a test-statistic threshold is applied such that only contiguously connected nodes (i.e. components) exceeding the desired significance level are included in the network analysis. In this manner, NBS assigns statistical significance at the network level, rather than at the level of individual connections. The graph components are ascribed a corrected p-value by the FWER using permutation testing, with 5000 permutations.

The NBS univariate threshold was adapted to the data distribution in each frequency band ([@bib0350], [@bib0355]). To target strong network differences between conditions, a conservative univariate t-threshold of t ≥ 2.0 was applied. Node degree was used to determine the degree of connectedness---the number of edges connected to a particular node. Nodes with high degree are considered network hubs, and therefore crucial to efficient network communication. Brain networks were then visualized using the BrainNet Viewer Connectivity Toolbox ([@bib0345]).

2.8. Time-frequency analyses {#sec0050}
----------------------------

Additionally, we looked at local power changes in seeds of interest, based on the literature of regions involved in WM maintenance in adults ([@bib0135]; [@bib0235]; [@bib0245]), as well as seeds that were identified as network hubs in our network analysis. Analyses were computed for correct trials only. Time-frequency representations (TFRs) reflecting the proportion change in power relative to baseline (-0.5 to 0 s), were computed for the 1 s retention interval (0.25--1.25 s). Spectral power estimations, averaged across trials, were computed for each selected seed's time-series using a Morlet wave transformation, as implemented in Fieldtrip ([@bib0225]). This was computed for the frequency window between 8--20 Hz (at 0.5 Hz bins) and at each 5-ms time point between -1 s pre-stimulus to 3 s post-stimulus onset. To test for statistical differences between conditions of interest, proportion change in power (relative to baseline) values were averaged over the entire retention interval, and over the frequency band of interest (i.e. 8--14 Hz), for each selected seed. A dependent *t*-test was used to compute significant differences between the mean values of the retention interval compared to the baseline period. A False Discovery Rate (FDR) correction applied using the Benjamini-Hochberg procedure was applied to correct for multiple comparisons (*q*\<0.05) ([@bib0015]). Additionally, to test whether relative alpha power was correlated with alpha synchrony in our maintenance network, we extracted the average alpha power per subject in all the nodes found to be significant in our network analysis (48 nodes). The proportion change in power averaged over the entire retention interval (relative to baseline) was calculated for each of the 48 nodes and the values were averaged for each child. These values were then correlated with alpha network strength for each child. Network strength was calculated by taking the sum of the wPLI value (z-scored to the baseline) for all significant connections in our network analysis (54 connections), which indexes the recruitment of this network in each child.

3. Results {#sec0055}
==========

3.1. Behavioural and outcome results {#sec0060}
------------------------------------

Children included in the study performed with a mean accuracy of 80.15%. Reaction times (RTs) did not differ between correct and incorrect trials (*t*(19)= -0.36, *p* = 0.73): correct responses had a mean RT of 1409.97.2ms (± 119.85ms) and incorrect responses had a mean RT of 1426.83ms (± 264.53ms). All children fell within the average to high-average range for the digit (mean score: 113.20 ± 11.92) and block recall (107.50 ± 13.67) sub-tests of the WMTB-C. Full-scale IQ scores showed all children were within the average to superior range (113 ± 14.16).

3.2. Whole-brain connectivity time-courses associated with correct and incorrect responses {#sec0065}
------------------------------------------------------------------------------------------

Whole-brain connectivity results revealed significant differences between correct and incorrect trials only for the alpha-band (*p~corr~\<*0.05, [Fig. 2](#fig0010){ref-type="fig"}). As illustrated in [Fig. 2](#fig0010){ref-type="fig"} (upper right panel), whole-brain connectivity in the alpha-band (8--14 Hz) peaked soon after stimulus onset, and remained stable across the retention interval and through to the presentation of the test stimulus. This effect was observed for both correct (blue line) and incorrect trials (red line); however, there was significant reduction in connectivity for incorrect trials during the course of the retention period (*p~corr~* = 0.011). This maintenance effect was frequency-specific, as only the alpha frequency band showed significant differences in connectivity between correct and incorrect trials (see [Fig. 2](#fig0010){ref-type="fig"}). We therefore focused our primary analyses on the alpha-band. We also found greater connectivity compared to baseline for correct responses during the recognition phase ([Fig. 2](#fig0010){ref-type="fig"}).Fig. 2Mean whole brain connectivity time series are depicted for correct (blue line) and incorrect (red line) responses for each frequency band. The onset of the sample stimulus is represented by the first dotted line, and the retention period is represented by the shaded grey area. Significant differences between correct and incorrect responses (*p~corr~* = 0.011; upper right panel) were observed in the alpha frequency band (8--14 Hz) only during the retention interval and the recognition period (i.e. presentation of the test stimulus).Fig. 2

3.3. Alpha band WM maintenance network {#sec0070}
--------------------------------------

Functional connectivity results revealed children also had elevated synchronization in the alpha frequency band during WM retention compared to the baseline ISI period (*p~corr~\<*0.001, [Fig. 3](#fig0015){ref-type="fig"}). The alpha-network encompassed significant ventrolateral (bilateral inferior frontal gyri), dorsolateral (bilateral middle frontal gyri) and medial (right superior medial frontal gyrus, bilateral medial orbital gyri) prefrontal areas, as well as temporal (left hippocampus, bilateral middle temporal and superior temporal gyri, bilateral middle and superior temporal poles), and parietal (bilateral superior parietal lobules, paracentral lobules, supramarginal gyri, left precuneus) nodes; and areas in occipital (left superior occipital gyrus, right middle occipital gyrus) cortices (see supplementary table 1 for a complete list of network nodes). We used node degree to identify network hubs (regions that are central to the network and information flow). The left inferior frontal triangularis, left hippocampus, and the left middle temporal gyrus (MTG), and the left superior temporal gyrus (STG) were identified as the most connected seeds in the network (i.e. high node degree). In addition, the left dlPFC showed high degree within the network. Alpha synchronization was strong between hemispheres, with dominant fronto-temporal connections ([Fig. 3](#fig0015){ref-type="fig"}).Fig. 3Functional connectivity network during working memory maintenance in the alpha frequency band. Children showed elevated alpha synchronization during the retention period compared to baseline, in a distributed network of frontal, parietal, and temporal regions (*p~corr~*\<0.001). Nodes were scaled by degree (the number of edges connected to a particular node), such that larger node size reflects nodes with higher degree (i.e. a greater number of connections to other nodes in the network).Fig. 3

3.4. Brain-behaviour associations {#sec0075}
---------------------------------

To investigate brain-behaviour associations, we computed Pearson's correlation between whole-brain alpha connectivity averaged over the retention interval (normalized to baseline) and behavioural WM accuracy (%). This correlation showed a trend towards significance (*r* = 0.39, *p* = 0.087, see [Fig. 4](#fig0020){ref-type="fig"}). We also performed correlations between specific nodes of interest (e.g. major hubs in our network analysis) and task performance, but found that none of the associations were significantly associated with WM accuracy (*p\>*0.05).Fig. 4Pearson correlations between mean alpha connectivity (wPLI) and WM behavioural accuracy revealed a positive trend (*r* = 0.39, *p* = 0.08).Fig. 4

3.5. Time-frequency analysis {#sec0080}
----------------------------

The WM literature has highlighted the role of fronto-parietal connections as important for sustaining WM processes ([@bib0095]; [@bib0175]; [@bib0180]; [@bib0235]; [@bib0245]). As such, we chose bilateral dlPFC and inferior parietal lobe (IPL) as our seeds of interest, as well as the left STG, given that it was a central hub in our network analysis. Spectral power was averaged over the alpha frequency band (8--14 Hz) and the retention interval (0.25--1.25 s), for each seed region, and a dependent *t*-test was computed between active versus baseline values. Only the left IPL revealed a significant difference between active versus baseline values ([Fig. 5](#fig0025){ref-type="fig"}, *t*(19)= -2.42*, p* = 0.025).Fig. 5Group-averaged Time-Frequency Representation during WM for the left Inferior Parietal lobule. Time (in s) is denoted on the x-axis, and frequency (in Hz) on the y-axis. The color legend reflects the proportion change in power relative to baseline (−0.5 to 0 s). The zero time-point reflects the onset of the sample stimulus, and 0.25 s the onset of the retention interval (until 1.25 s).Fig. 5

Time-frequency representation for the left IPL revealed an enhancement in alpha-power relative to baseline, beginning at the onset of the retention interval, and returned to baseline levels shortly after the presentation of the test stimulus ([Fig. 5](#fig0025){ref-type="fig"}). The right IPL, however, did not show a strong pattern of alpha enhancement during the retention interval (see supplemental figure, S1). Instead we observed an increase in alpha-power at the onset of both the sample stimulus and soon after the presentation of the test stimulus. The TFR for the right dlPFC showed a robust increase in alpha power towards the end of the retention interval, and remained stable through to the presentation of the test stimulus (Fig. S2). We also observed sustained suppression in the high-alpha and low-beta-bands, beginning after the onset of the retention interval. There were no marked changes in enhancement/suppression observed in the left dlPFC during retention (Fig. S3). For the left STG, however, TFRs revealed alpha desynchronization towards the middle of the retention interval (Fig. S4).

3.6. Association between relative alpha power and network strength {#sec0085}
------------------------------------------------------------------

To test whether alpha power modulations were associated with alpha synchronization, we performed a Pearson's correlation between relative alpha power (proportion change in power relative to baseline) and alpha network strength, which revealed a positive association ([Fig. 6](#fig0030){ref-type="fig"}, *r=*0.51, *p=*0.02). However, to test whether increases in alpha connectivity were not solely attributed to random increases in power, we generated a set of 1000 surrogate networks with connections involving nodes from the maintenance network, with equivalent network density (n = 54 connections, i.e., edges between nodes). A surrogate distribution of r-values was then computed by regressing the network strength of these surrogate networks with alpha power (see supplemental figure, S5). The r-value from our original data (*r=*0.51) was significantly larger than the bulk of the surrogate distribution (*p=*0.036).Fig. 6Pearson correlations between relative alpha power and alpha network strength revealed a significant, positive association (*r* = 0.51, *p=*0.02).Fig. 6

4. Discussion {#sec0090}
=============

4.1. Summary of findings {#sec0095}
------------------------

This study elucidates the oscillatory mechanisms underlying WM maintenance in young children. Whole brain connectivity analyses in the alpha band (8--14 Hz) revealed significant differences between correct and incorrect trials during the retention period. Alpha connectivity was found to be higher and more stable during the retention period associated with correct compared to incorrect responses. In our network analysis, children showed elevated alpha connectivity during the retention interval compared to the baseline period. This network comprised significant frontal, parietal and temporal connections that have been widely reported in WM processing in adults. The major hubs in this network included the left hippocampus, middle temporal and superior temporal gyri, as well as the left dlPFC. Additionally, time-frequency analyses showed distinct patterns of synchronization and desynchronization in brain areas linked to WM.

4.2. Alpha network synchrony supports successful WM performance {#sec0100}
---------------------------------------------------------------

Whole brain connectivity time series revealed a significant difference between correct and incorrect trials during the retention interval for the alpha band only; revealing stronger and more stable connectivity throughout the retention interval preceding subsequently correctly recognized trials ([Fig. 2](#fig0010){ref-type="fig"}). Sustained cortical activity during the retention interval has been interpreted to underlie maintenance processes critical to sustaining visual representations in the absence of sensory input ([@bib0120]; [@bib0145]). While our current results reflect whole-brain connectivity over time, previous studies in adults have reported sustained activity during the retention interval in discrete cortical regions, including prefrontal ([@bib0055]; [@bib0065]; [@bib0110]), temporal ([@bib0045]; [@bib0125]), and parietal ([@bib0035], [@bib0040]; [@bib0275]) areas. Evidence from fMRI and EEG studies has also shown that task performance declines when neural activity was not sustained during the retention interval ([@bib0115]; [@bib0245]; [@bib0275]). Our results are thus consistent with the adult literature suggesting that sustained activity during the retention period is necessary to support successful performance, extending this to now include young children. Recent studies have also implicated alpha oscillations as being critical to facilitating task performance. [@bib0100] found alpha coherence to be stronger in adults for successfully remembered items, and that forgetting during an episodic memory task was related to reduced alpha phase coupling. This suggests that alpha plays a role in the directed attention to internal representations that is critical across age groups in maintaining relevant information in WM. Reduced alpha connectivity observed during the retention period associated with incorrect responses may therefore be a result of endogenous changes in attention. We speculate that children may not have dedicated enough attentional resources to maintain the representations in WM during incorrect trials, resulting in the decreased connectivity observed during the retention interval.

Although the current task may not seem particularly demanding, we found these young children had difficulty responding adequately in the higher load condition (which was excluded from the current analyses due to low accuracy). Mean accuracy in our sample was 80% after excluding those who performed below 60% accuracy, which allowed us, however, a sufficient number of error trials to include in our analyses. Few studies have directly compared the differential activity patterns associated with correct and incorrect responses in a WM task due to a limited number of error trials. In one fMRI study in adults, differential BOLD activity during the WM retention interval associated with correct responses revealed sustained signal amplitude in a network of fronto-parietal regions predicted successful WM performance on a trial-by-trial basis ([@bib0245]). Consistent with our results, this suggests that effective maintenance of information relies on sustained signals during the retention interval, and that reduced activity associated with incorrect trials likely reflects disrupted maintenance processes. Our results therefore critically implicate strong and sustained alpha connectivity during the retention interval with subsequent successful WM responses in young children. Most importantly, our results demonstrate for the first time that whole-brain alpha signal can be used to predict successful and unsuccessful outcomes.

Although our association between mean alpha connectivity and behavioural accuracy showed a positive trend at the whole-brain level, brain-behaviour associations were not strengthened using specific seeds of interest, such as the left hippocampus or dlPFC. These results suggest that looking at associations at the network level rather than focusing on specific seeds may yield more sensitive brain-behaviour associations. These results also suggest that other frequency bands, namely beta and gamma which were not seen in the 6-year-olds, may increasingly become involved as WM processes mature into adulthood ([@bib0235]).

4.3. Alpha network connectivity during WM maintenance {#sec0105}
-----------------------------------------------------

The alpha phase-synchronized networks during WM maintenance encompassed significant frontal, temporal, and parietal interactions ([Fig. 3](#fig0015){ref-type="fig"}). These regions largely overlap with areas observed in adult fMRI studies of WM maintenance ([@bib0065]; [@bib0095]; [@bib0135]; [@bib0235]; [@bib0245]). Previous research in adults has also implicated large-scale alpha synchrony among key fronto-parietal regions ([@bib0235]), to support the attentional and central executive functions of WM ([@bib0190]; [@bib0230]). For instance, [@bib0235] found that alpha synchrony among fronto-parietal structures strengthened with increases in memory load, which was interpreted to reflect the modulation of top-down attentional control that sustains object representations in visual WM ([@bib0235]). Our results also revealed a bilateral network, with major hubs lateralized to the left hemisphere, including the left pars opercularis and pars triangularis of the left inferior frontal gyrus. This may indicate that children used verbal rehearsal strategies (i.e. repeating colours during retention interval) to guide correct responses. Supporting this interpretation, these left-lateralized hubs are regions known to be involved in language processing and the phonological loop (see Supplementary Table 1; [@bib0025]; [@bib0255]; [@bib0260]). Given how short the retention interval was, repeating more than two colours during the retention would not have been possible, which could have contributed to the poor performance in the higher load condition. Coupled with the notion that many classic WM regions are still maturing at this age, young children may still be developing efficient mechanisms to support the transient loading and maintenance of visual information in WM ([@bib0010]). As task demands increase (i.e. increasing memory load), most children fail to perform above 60% accuracy. Therefore, given the time constraints (i.e. short encoding and retention periods) and capacity limitations, this task provides appropriate cognitive demands to probe the development of WM mechanisms in children. In a similar version of this task, [@bib0235] found that adults were able to complete this task with up to six coloured squares. Thus, WM maintenance processes may develop early in childhood, while the central executive functions of WM continue to mature throughout childhood to support greater attentional and task demands. In our study children showed more fronto-temporal interactions within the left hemisphere, rather than the classic fronto-parietal circuitry recruited in adults. Stronger fronto-temporal connections, may indicate that children rely more on recognition processes (e.g. matching test and sample stimulus), known to rely on temporal lobes ([@bib0020]; [@bib0320]), whereas parietal areas are associated with more executive aspects of WM ([@bib0060]; [@bib0095]; [@bib0205]). These results support behavioural findings that demonstrate the ability to hold information in WM is evident in early childhood ([@bib0085]), and that the neural underpinnings that support these processes may increasingly recruit parietal areas as executive functions of WM continue to mature.

Previous fMRI studies have also uncovered distinct regions recruited for WM in children, but have lacked the temporal resolution to delineate regions recruited for the different stages of WM. Our results identified central hubs in the network to be the left prefrontal areas, and middle and superior temporal gyri. Given the ongoing functional and structural maturation in the dlPFC in children, we were surprised by the extent of dlPFC recruitment in the alpha network. It has been shown that when distractors are presented during the retention period, or when task demands are increased (i.e. increasing memory load), dlPFC activation increases accordingly ([@bib0160]). Our study showed that sufficient cognitive demands were placed on children, thus necessitating recruitment of the dlPFC to sustain representations or rehearsal of information in WM.

4.4. Local changes in alpha power {#sec0110}
---------------------------------

To investigate local changes in power, we selected five seeds of interest based on the adult literature highlighting the fronto-parietal network in WM maintenance. Results for the left IPL ([Fig. 5](#fig0025){ref-type="fig"}) revealed a strong increase in alpha power relative to baseline, beginning after stimulus onset and suppressed shortly after the end of the retention interval. In line with the 'gating by inhibition' hypothesis ([@bib0170]; [@bib0195]), we speculate that this sustained increase in alpha may be related to suppression of the dorsal ('where' pathway) visual stream. Our task engaged the ventral visual stream ('what' pathway), requiring children to remember only the colour of the squares as the location of the squares was irrelevant. In another MEG study, [@bib0180] observed a robust increase in alpha synchronization in the parieto-occipital sulcus (dorsal visual stream) during the retention interval of a delayed-match-to-sample WM task. In their task, participants were required to remember the identity or orientation of a face, engaging the ventral and dorsal visual stream, respectively ([@bib0180]). In line with our results, the authors found an increase in alpha power in the dorsal stream when the ventral stream was engaged in WM maintenance. Additionally, this increase in alpha response towards the end of the retention interval may signal the 'gating' of incoming stimuli in order to protect ongoing maintenance processes ([@bib0155]).

The time-frequency representation for the right dlPFC showed a robust increase in alpha power towards the end of the retention interval that was sustained during the recognition phase (Fig. S5). The left dlPFC, however, one of the hubs in our network analysis, showed attenuated local alpha power compared to the right dlPFC (Fig. S6). In line with fMRI studies reporting sustained dlPFC activity spanning the retention interval, we also expected to find sustained alpha suppression in children, since local alpha suppression is thought to reflect cortical engagement ([@bib0250]). However, we found increased alpha power in bilateral dlPFC towards the end of the retention period and recognition phase. [@bib0155] speculated that this increase in alpha power, reflecting inhibitory processes, may arise when the probability of forgetting is most likely to occur. These findings provide additional support for the alpha inhibition hypothesis, as increased alpha power in the dlPFC may reflect top-down attentional and/or inhibitory control over other brain areas, such as temporal areas, in order to maintain relevant representation in WM ([@bib0175]; [@bib0195]; [@bib0335]). Thus, results from our study extend those of [@bib0280] in adults who showed an increase in alpha power over prefrontal regions, while occipital regions were suppressed. In addition to enhanced functional coupling, they found a consistent latency shift between prefrontal and occipital areas, possibly reflecting the modulation of activity in the visual cortex by prefrontal brain areas ([@bib0280]). Thus, an increase in alpha power could protect ongoing WM maintenance processes by inhibiting external or internal distractions. Finally, the left STG showed a decrease in alpha power towards the middle of the retention interval (Fig. S7). Together with findings from our whole-brain connectivity analysis, which showed strong interactions between the left STG and other prefrontal areas, local increases in alpha power in right dlPFC and suppression in the left STG, may reflect the network involved in top-down processing.

5. Conclusions {#sec0115}
==============

This study is the first to uncover the inter-regional oscillatory mechanisms underlying successful WM responses in young children. We found increased mean whole brain connectivity in the alpha frequency band during the retention interval associated with correct (hits) compared to incorrect (false alarm) responses. Importantly, this effect was found to be specific to the alpha frequency band, implicating alpha synchrony as an important marker of WM in development. This difference in connectivity may be attributed to fluctuations in attention that are necessary to sustain representations in WM, which is further supported by recruitment of bilateral dlPFC during WM maintenance. This interpretation is reinforced by previous findings in adults that suggest strong, sustained signals during WM maintenance as being reflective of increased attention to stored representations to enable a correct response. Further, we found strengthened alpha synchrony among fronto-temporal regions during WM maintenance, rather than the classic fronto-parietal network reported in adults, suggesting a different use of WM strategies (e.g. recognition processes) in young children. Central hubs in the network were lateralized to the left hemisphere, including the dorsolateral prefrontal cortex, middle temporal and superior temporal gyri. Our results support the role of alpha inter-regional synchrony as a mechanism for sustaining memory of visual stimuli, which is already active in young children. Together, these findings provide us with a normative framework to understand the development of functional networks that support successful WM performance in children.
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